Introduction
[2] Several studies based on Eulerian measurements, geostrophic flow estimates, and Ocean General Circulation Models (OGCMs) were carried out in order to understand the circulation patterns of the Eastern Tropical Pacific [Kessler, 2006] . This oceanic region delimited by the 120°W parallel and the west coast of South America hosts two important current systems. The Equatorial Current System [Cromwell et al., 1954; Wyrtki, 1963 Wyrtki, , 1967 Tsuchiya, 1975; Lukas, 1986; Johnson and Moore, 1997; Johnson and McPhaden, 1999; McCreary et al., 2002] is composed of quasi zonal currents: the Equatorial Undercurrent (EUC) and the primary and secondary Southern Subsurface Countercurrents (pSSCC and sSSCC) which flow eastward in the subsurface; and the South Equatorial Current (SEC) which flows westward near the surface. The other major system, the Peru Current system [Gunther, 1936; Brockmann et al., 1980; Tsuchiya, 1985; Huyer et al., 1991; Strub et al., 1998 ], is composed of currents that are strongly influenced by the presence of the south American landmass: the Peru Coastal Current (PCC) and the Peru Oceanic Current (POC) near the surface; the Peru-Chile Countercurrent (PCCC) and the Peru-Chile Undercurrent (PCUC) in the subsurface. Figure 1 schematically represents these various currents.
[3] Combined studies of these two systems have revealed important connections between them which can be anticipated from the fact that, upon reaching the American landmass, eastward equatorial currents must recirculate, or merge with or feed other currents. For example, Wyrtki [1963] , Lukas [1986] , Blanke and Raynaud [1997] , and Strub et al. [1998] indicate that part of the upper EUC upwells into the SEC. On the other hand, its lower layers are thought to be probably an important source of the water carried by the PCUC [Wyrtki, 1963; Brink et al., 1983; Lukas, 1986; Toggweiler et al., 1991; Fiedler and Talley, 2006] . It has also been suggested that both SSCCs could be complementary sources of PCUC water [Lukas, 1986; Toggweiler et al., 1991] . Such connections are certainly modified during active phases of El Niño during which substantial amounts of equatorial water are being advected along the Peruvian coast as far as 15-20°S Kessler, 2006, and references therein] . However, existing data sets are too sparse (in space and time) to quantify these connections. As for OGCMs, with coarse resolution of the order of 1 degree, the subsurface currents of interest that do not exceed a width of 2 degrees in latitude are poorly resolved. Hence, the study of water pathways related to these currents is somewhat limited considering that the interactions with the Equatorial and the Peru Current System take place within a roughly 10 × 10 degrees region. The question of the connections between equatorial and extra-equatorial oceanic regions is an important one, in particular for its implications on climate and also ecosystems [Lavin et al., 2006; Chavez et al., 2008] .
[4] Our study considers the connections between the Equatorial and Peruvian current systems in Primitive Equations eddy-resolving numerical solutions (based on the configuration developed and validated by Penven et al. [2005] , presented in section 2.1) over a domain that encompasses the eastern equatorial and Peruvian systems. Precisely, we rely on the (offline) calculation of thousands of Lagrangian trajectories for these solutions (see section 2.2). The numerical floats are released at strategic locations within the equatorial subsurface counter currents and the PCUC and tracked either forward or backward in time. This allows us to quantify the main exchanges that take place in the eastern Pacific and to assess the role of the eddies (section 3) in these exchanges. Most importantly, we find that the PCUC carries a water mixture composed for about a third by EUC, pSSCC and sSSCC water (the former having a small contribution). We also find that mesoscale eddies exert a noticeable effect in particular on the SSCCs/PCUC and sSSCC/SEC connections.
[5] Assessing the degree of uncertainty in the equatorial subsurface pathways and PCUC water sources is difficult. The primary reason is that it is not straightforward to translate the Eulerian biases (which are only approximately known given the limited amount of observational data) into Lagrangian biases. We limit our study to a basic check that the Lagrangian results are not overly sensitive to the underlying Eulerian field. To do so, two numerical solutions that correspond to two different sets of lateral boundary conditions are computed (see section 2.1).
Methodology

Eulerian Solutions
[6] The numerical quasi-equilibrium solutions we analyze were obtained with ROMS (for a complete description of the Figure 1 . Oceanic circulation scheme for the eastern tropical Pacific, compiled from Gunther [1936] , Wyrtki [1963] , Tsuchiya [1975 Tsuchiya [ ,1985 model, see McWilliams [2003, 2005] ) using the model configuration developed by Penven et al. [2003 Penven et al. [ , 2005 . The corresponding solution that we call ROccam is forced by climatological conditions at lateral boundaries and air-sea interface. The domain covered by ROccam spans the region between 3°N and 20°S and between 70°W and 90°W. The horizontal model resolution is 1/9°(∼12 km) with 32 vertical levels. The topography is derived from a 2′ resolution database [Smith and Sandwell, 1997] . The model is forced with heat fluxes and fresh water fluxes from the COADS ocean surface monthly climatology [Da Silva et al., 1994] . For wind stress, a monthly mean climatology is computed from QuikSCAT satellite scatterometer data [Liu et al., 1998 ]. The three lateral open boundaries are forced using a climatology derived from the Ocean Circulation and Advanced Modelling Project (OCCAM) global ocean model at 1/4°resolution [Saunders et al., 1999] . (The OCCAM model was forced by an annual cycle of monthly winds from the years 1986-1988 of the ECMWF model. For the initialization was used the potential temperature and salinity field from the Levitus'94 annual mean climatology.) The simulations were performed over a 16-year period, during which 3-day averages of the model output were stored. The model solution reached a statistical equilibrium (in terms of upper ocean stratification and eddy kinetic energy levels) by year 3. The first 3 years were consequently discarded as the spin up phase (for details of the spin-up procedure please refer to Penven et al. [2005] ). Penven et al. [2003 Penven et al. [ , 2005 evaluated the mean circulation and thermohaline structure, their seasonal cycle, and the meso-scale activity. They showed that the known aspects of the regional dynamics are adequately reproduced by ROMS quasi-equilibrium climatological solutions [see Penven et al., 2005, Figure 2] .
[7] The questions we wish to investigate involve basin scale currents that are primarily passed on to our regional model through the lateral boundary conditions. The sensitivity to these boundary conditions is assessed by performing an additional simulation (called RSoda) which is identical to ROccam in every aspect but the open boundary conditions, derived from a climatology of the SODA global ocean reanalysis at 1/2°resolution [Carton and Giese, 2008] . (SODA was forced by ERA-40 surface fluxes [Uppala et al., 2005] , and constrained by data assimilation in situ and satellite altimetric data.) The temperature, salinity and velocity fields for the northern, western and southern open boundaries used in ROccam and RSoda are shown by V. Echevin et al. (personal commumiction, 2009) , and their differences are discussed therein.
Lagrangian Analysis
[8] A ROMS-offline tracking module is used to calculate numerical Lagrangian (float) trajectories from stored ROMS velocity fields [Carr et al., 2008; Capet et al., 2004] . The floats are supposed to be neutrally buoyant and are advected either forward or backward in time by the 3-day average velocity field linearly interpolated at floats locations (unless otherwise stated, velocities are 3-day accumulated averages). This kind of numerical Lagrangian approach has proved to be an appropriate method for studying the origin and the fate of ocean water masses [e.g., Blanke et al., 2002] .
[9] We perform two different types of experiments. The first one consists in launching in the 11th and 12th year of simulation 3 groups of floats into each equatorial subsurface current and integrating these forward in time for 2 years. Each group is composed of 1500 floats released each month starting in January and ending in December (36000 in total), and distributed randomly (using a uniform distribution yields identical results) between ∼40 m and 250 m depth and bounded between 1.5°N-1.5°S and 86°W-87°W (EUC), 3°S-4.5°S and 86°W-87°W (pSSCC), and 6.25°S-7.75°S and 86°-87°W (sSSCC), respectively (Figures 2 and 3) . These boundaries correspond to the geographic ranges (longitude, latitude, and depth) of equatorial subsurface counter currents derived from the model Eulerian outputs (see section 3.1). (ROccam and RSoda exhibit a slightly different vertical structure of equatorial subsurface currents. Therefore, in Figure 3b , the initial float release areas in the EUC and sSSCC were adjusted in RSoda to match the observed currents.) Criteria used to associate a float to a specific current are further described in section 3.2.1. [10] The second experiment consists in releasing a larger number of floats (3809) randomly distributed on a vertical section in the PCUC and integrating them backward in time for 3 climatological years. We choose a cross-shore section, with depths from 30 m to 400 m, located between 11.5°S and 12.5°S and from the coast until 79°W to represent the PCUC (Figure 2) . The criterion to identify properly all floats hosted on the PCUC is described in section 3.2.3.
[11] Each of these experiments is carried out with the 3-day average velocities from ROccam and RSoda. In addition, the forward tracking experiment is also performed using seasonally averaged velocity fields from ROccam. This allows us to identify the eddy contribution to the water transport between the Equatorial and Peruvian current systems. [12] First, we check that the numerical simulations capture the currents of interest. To do so, we extracted vertical sections of the annual mean zonal and meridional velocity from ROMS solutions (Figure 3) . Figures 3a and 3b present the vertical structure of velocity from 3°N to 8.5°S averaged between 86°W and 87°W, just east of the Galapagos Islands, for both simulations: ROccam and RSoda, respectively. The three principal subsurface counter currents and the westward surface current (South Equatorial Current -SEC, in dark and light blue colors) as described by Cromwell et al. [1954] , Lukas [1986] , Tsuchiya [1975 Tsuchiya [ , 1985 , Johnson and Moore [1997] , Rowe et al. [2000] , McCreary et al. [2002] , Donohue et al. [2002] , and Kessler [2006] , which constitute the Equatorial Current System are clearly reproduced in both simulations, although different in strength and vertical extension. The northernmost subsurface current, extends from about 30-200 m depth in both simulations, is located between 1.5°N and 1.5°S, and corresponds to the EUC after flowing around the Galapagos Islands. It flows eastward with maximum mean velocities of 20-30 cm s −1 , being more pronounced and stronger in ROccam. The second and third, from north to south, subsurface currents are located between 3°-4.5°S and 6°-8°S, corresponding to the primary and secondary Southern Subsurface Countercurrents, pSSCC and sSSCC, respectively. Both in ROccam and RSoda, these eastward currents flow with maximum mean velocities of about 5 cm s −1 to 15 cm s −1 in their cores, but nevertheless the sSSCC is much weaker in ROccam.
[13] Eulerian analysis based on direct measurements [Lukas, 1986; Steger et al., 1998 ] and numerical models [Eden and Timmermann, 2004; Karnauskas et al., 2007] have shown that the Galapagos Islands represent a topographic barrier to the EUC that results in coastal upwelling west of the islands and causes the remainder of the current to split into two zonal eastward branches (flowing around the islands north and south of the equator) plus a southeastward branch [Lukas, 1986; Karnauskas et al., 2007] . The two zonal eastward branches merge close to the equator just east of the islands [Steger et al., 1998; Karnauskas et al., 2007] , whereas the southeastward branch of the EUC, formed between 92°W and 91°W converges with the pSSCC in the same longitude range [Lukas, 1986; Karnauskas et al., 2007] . Our model domain extension prevents the exploration of this convergence. A similar merger, nevertheless, occurs farther east in the model within the computational domain, as we shall see. The above mentioned studies thus underscore the realism of the EUC behavior in our simulation.
[14] The subsurface counter currents, also known as the Tsuchiya Jets, are found a few degrees south of the EUC. In our simulations, the pSSCC is stronger than the sSSCC as observed in the eastern Tropical Pacific in previous studies [e.g., Donohue et al., 2002] . It has been reported that their velocity cores rise and diverge away from the equator as they flow from west to east [Furue et al., 2007, and references therein] . However, in the limited region that we simulate, the modeled pSSCC seems to maintain constant latitude (see section 3.2.1) as also observed by Ishida et al. [2005] . They hypothesized that this is due to that the driving mechanism of the pSSCC is different from that of the sSSCC. The pSSCC might sustain its zonal position owing to the westward and downward propagation of tropical instability waves [Ishida et al., 2005] as was also argued by Jochum and MalanotteRizzoli [2004] for the Southern Equatorial Undercurrent (SEUC), an analogous current of the pSSCC in the Atlantic Ocean.
[15] Vertical cross sections of annual mean meridional velocity at ∼12°S (+/−0.5°) for ROccam ( Figure 3c ) and RSoda ( Figure 3d ) simulations show the poleward PeruChile Undercurrent flowing along the shelf edge and the nearshore, equatorward Peru Coastal Current as described by Gunther [1936] , Silva and Neshyba [1979] , Brockmann et al. [1980] , Brink et al. [1983] , Huyer [1980] , Huyer et al. [1991] , and Strub et al. [1998] , which form part of the Peru Current System. The PCUC, transporting mainly Equatorial Subsurface Water (ESSW) [Silva et al., 2009] , is widely recognized as a main source for the coastal upwelling off Peru and northern Chile [e.g., Huyer et al., 1987] . Its core has been directly observed at 150 m depth over the slope offshore central Peru with velocities of about 10 cm s −1 [e.g., Huyer et al., 1991] . According to our simulations, at ∼12°S (±0.5°), the core of the PCUC is located between 100 m and 150 m depth with maximum velocities around 12 cm s −1 in the ROccam simulation. The core of the PCUC is located slightly deeper (120-170 m depth) with somewhat slower velocities of up to 10 cm s −1 in the RSoda simulation.
[16] Both simulations capture Equatorial Current System and Peru Current System patterns consistent with the description given in previous studies. However, some differences in terms of depth, thickness, and intensity are observed between the two solutions: the maximum velocity core of the EUC is less intense and narrower in RSoda than in ROccam; the pSSCC is less intense but slightly wider in RSoda than in ROccam; the sSSCC is more intense, narrower and its lower limit is deeper in RSoda than ROccam; the PCUC is more intense in ROccam than in RSoda; and the PCC is wider and more intense in RSoda than in ROccam.
[17] Eulerian diagnostics allowed us to analyze the vertical structure of the horizontal velocity field, including all subsurface currents. The question we wish to address pertains to the origin and fate of water transported by some oceanic subsurface currents. Visually inferring water pathways from Eulerian velocity field can be difficult especially when the flow is fully three-dimensional and non stationary. Under these conditions, relying on streamlines for the mean horizontal velocity field can be misleading, e.g., at 100 m depth they indicate that the PCUC is directly fed by the EUC (Figure 2) , and only Lagrangian trajectories will reveal the exact pathways.
Lagrangian Diagnostics 3.2.1. Pathways of the Subsurface Equatorial Currents and Their Contribution to the Peru-Chile Undercurrent
[18] In order to determine the pathways of the subsurface equatorial currents in the Eastern Tropical Pacific and how they connect with the Peru Current System we deployed numerical floats in each equatorial subsurface current (EUC, pSSCC, and sSSCC; between 86°-87°W, for details please refer to section 2). We first focused on identifying properly whether the floats remained flowing with their host current by considering only the floats which continued flowing eastward confined to the latitudinal band of their source current one month after being launched, and eliminated all other floats. Then, we tracked the float pathways forward in time, counting those passing through a cross-shore section at ∼9°S, spanning from the coast of Peru to 82°W, encompassing almost exclusively the PCUC ( Figure 4) ; floats crossing the line within the top 10 m of the water column (an approximation of the mixed layer depth there) were separately counted.
[19] Out of the 36000 floats released in the EUC, we identified 22521 (28656) floats remaining within the current for at least one month and were thus considered EUC floats (here as in the following ROccam solution appears first while RSoda numbers are put in parentheses). Only a small fraction of 4.5% (1.2%) reached the ∼9°S cross-section offshore Peru, 4.3% (1.1%) below 10 m depth. Trajectories of these floats showed two routes toward the section. A direct route, where the floats flowed eastward along or southeastward of the equator reaching the coast of Peru at 4°S, then turned southward and continued along the coast (Figure 4a ). Floats following the indirect route flowed several degrees of longitude along the equator eastward up to 83°W and then returned southwestward until joining the pSSCC toward the coast of Peru from where they continued flowing southward along the coast (Figure 4b ). Without discriminating the followed route, it took them 4-24 months (14.25 months on average) to cross the 9°S section in both solutions.
[20] In the pSSCC, 29412 (26735) floats remained in their corresponding home current flowing eastward for at least one month; of these, 28.7% (32.6%) reached the cross-section at 9°S, i.e., formed part of the PCUC; 28.4% (32.3%) below 10 m depth. Out of the floats launched in the sSSCC, 23938 (25335) floats were identified as being trapped in the current, of which 55.1% (65.8%) crossed the section at 9°S; 51.3% (60.6%) below 10 m depth. In constrast to the EUC, only one pathway toward the 9°S section was identified for each of the SSCCs (Figures 4c and 4d) . The pSSCC floats flowed zonally toward the coast then turned southward to continue flowing parallel to the coast, taking 2-24 months (13.5 months on average) to reach the section, in both solutions. The sSSCC floats flowed southeastward until arriving near to the coast, at ∼8°S, and then flowed parallel to it. These floats needed 1-24 months (12.75 months on average) to cross the section.
In both simulations, the slowest floats were strongly affected by mesoscale activity before they reached the section.
[21] The remaining floats attached to the pSSCC and the sSSCC, namely the ones not crossing the nearshore section, followed a westward, a northward or a southwestward route ( Figure 5) ; the percentages of floats corresponding to each route are summarized in Table 1 . We first focused on identifying floats that became part of westward flows, by counting only those that crossed a meridional section located at 89°W (west of the launch site) between 4°N and 10°S, at any time after their release. We found that 56.8% (38.2%) of the pSSCC floats had trajectories that satisfied this definition; out of those, 19.9% (17.9%) above 50 m depth and 36.9% (20.3%) below 50 m depth (ROccam solution appears first; Figure 5 . Scheme of the various paths of (left) the pSSCC and (right) the sSSCC floats according to ROccam; Out of the 36,000 floats released within the gray rectangular, 29,412 (pSSCC) and 23,938 (sSSCC) floats remained within the current for at least 1 month and then followed distinct routes indicated by black arrows and labels showing the percentage of floats occupied by each path, split up into various depth levels for westward flow (SEC) and poleward flow (PCUC). This scheme is also representative for the RSoda solution which only differs in the percentage of floats occupied by each path; pSSCC: 15.9% -northward, 32.6% -alongshore cross-section (0.3% above 10 m depth and, 32.3% below 10 m depth), 38.2% -westward flows (17.9% above 50 m depth and, 20.3% below 50 m depth), and 13.3%-turn southward; sSSCC: 2.9% -northward, 65.8% -alongshore cross-section (5.2% above 10 m depth and, 60.6% below 10 m depth), 19.1% -westward flows (7.9% above 50 m depth and, 11.2% below 50 m depth), and 12.2% -turn southward. The dashed line represents the westward boundary crossed by floats departing from their host currents and entering the SEC either north or south of the Equator. RSoda numbers are put in parentheses). Likewise, 25.8% (19.1%) of the sSSCC floats crossed the meridional section; 10.7% (7.9%) above 50 m depth and the rest below 50 m.
[22] The floats neither crossing the southern nor the western section described two different pathways for both SSCCs: a northward and southwestward route. The former first led zonally toward the coast then bended northward, roughly following the coast. The latter first went southeastward as far as 83°W and then turned southwestward until escaping the model domain. The northward pathway was followed by 5.9% (15.9%) of the pSSCC and 2.1% (2.9%) of the sSSCC floats while, the southwestward pathway was preferred by 8.6% (13.3%) of the pSSCC and 17% (12.2%) of the sSSCC floats.
[23] Some of the floats being part of the westward flows and/or the northward flow were subject to oceanic processes such as vertical advection, e.g., associated with coastal upwelling. This allowed them to reach the surface, where they were then trapped by surface currents, mainly the SEC. When examining trajectories, we also noticed that floats affected by coastal upwelling were strongly influenced by mesoscale activity before they flowed with the surface currents (not shown). This is consistent with Penven et al. [2005] , who showed that a large number of eddies are generated from the upwelling front and propagate offshore [see Penven et al., 2005, Figure 14] , with larger and more intense eddies in the northern part of the Peruvian coastal region.
[24] East of 95°W the data availability is too limited to confirm or disprove the existence of the EUC and SSCCs routes toward the 9°S section taken by our numerical floats. The most recent work based on observational data for the eastern tropical Pacific was done at the end of the 1980s by Lukas [1986] who only reported the direct pathway of the EUC. However, recent OCGM-based studies on the dynamics of the Southern Tsuchiya jets (pSSCC and sSSCC) which were validated with western and central Pacific observations indicate direct and indirect EUC pathways in agreement with our results. Furue et al. [2007] clearly showed the indirect route of the EUC. They found that the bottom part of the EUC bends southward then flowed westward and finally joined the top of the pSSCC. Ishida et al.'s [2005] results show that the pSSCC bifurcates between 100°-90°W into two branches. A northward branch which recirculates and feeds a westward flowing current on its equatorial flank, and a southward branch which connects to the PCUC. This is partly consistent with our circulation scheme ( Figure 5 ) although the pSSCC bifurcation takes place farther west in Ishida et al.'s [2005] model. Moreover, in our solutions, the recirculation also occurs directly above the pSSCC indicating upwelling farther east and subsequent westward advection, and the equator-side recirculation is mainly sub-surface between 150-250 m depth. Ishida et al.'s [2005] sSSCC flows further south than in our solutions but also recirculates clockwise. Besides the main clockwise recirculation we also observe a weak counterclockwise recirculation.
[25] The results from ROccam and RSoda solutions are largely consistent regarding the pathways of the subsurface Equatorial Undercurrents. In particular both solutions show that only a small fraction of the EUC joins the PCUC in contrast with both SSCCs.
Fate of the EUC Floats
[26] The classical picture of the circulation in the Eastern Tropical Pacific shows that "although most of the EUC appears to flow all the way to the Peru coast in the thermocline, there is also substantial downstream loss of EUC water to the surface layer by upwelling" [Kessler, 2006] . However, the results of our simulations as well as those of Blanke and Raynaud [1997] reveal that only a very small fraction of the current reaches the coast and that the rest becomes part of equatorial upwelling, feeds westward currents such as the SEC, flows northward along the coast of central America, or contributes to coastal upwelling (Figures 6 and 7) . [27] To quantify and distinguish these processes, we differentiated the EUC floats that did not cross the section at 9°S (i.e., that did not follow the routes to the PCUC) by introducing additional categories. First, we identified the floats that became part of the equatorial upwelling as those reaching 10 m depth within the first 105 days after their release. (This is to avoid counting floats that would upwell in the coastal upwelling. In fact all floats involved in the equatorial upwelling reached 10m depth within 72 days or less.) We found that equatorial upwelling heaved 4.9% (7.8%) of the floats toward the surface layers; this upwelling occurred mostly in a narrow equatorial band between 0.5°N-2.5°S and 81°-90°W. Most floats surfaced within the first 200 km offshore Ecuador; a smaller fraction escaped north to upwell offshore Colombia. Most of these upwelled floats later became part of the westward surface flow, namely the SEC.
[28] Next, we look for possible connections between the EUC and westward flows (whether surface -the SEC -or subsurface flows) by considering the float trajectories that neither crossed the 9°S section nor underwent equatorial upwelling as defined above. Out of those, the so-called westward flowing floats are defined as the ones which crossed a meridional section located at 89°W between 3°N and 10°S at any time, and at any depth, after remaining in the EUC for at least one month, regardless of their behavior in the Eastern Tropical Pacific. This meridional section was chosen to be positioned well west of the launch area of the floats to ensure a significant westward transport. The latitudinal extent of the section is consistent with SEC locations reported in the literature [Wyrtki, 1967; Lukas, 1986; Fuenzalida et al., 2008] , and also coincides with the Eulerian outputs of our solutions. The meridional section was crossed by 7.8% (12.2%) of the floats above 10 m depth, 20% (28.9%) crossed between 10 and 50 m depth and the rest, 44.9% (19.6%), below 50 m depth. Most of the floats which entered the surface layer surfaced between the equator and 6°S, and thus were spread out farther than the floats that surfaced within the first 72 days; not any float left subsurface water between day 73 and 107. Recirculation mainly takes place in a narrow latitudinal band just south and north of the EUC but also above and below it, although to a lesser extent.
[29] The floats which fell in none of the three previous categories followed two different pathways: a northward and a southward route. The northern route first follows the equator toward the offshore region of Ecuador. From there some floats drift northward, roughly along the coast, and enter the Panama Bight, whereas others turn west before heading north at about the longitude of the Galapagos Islands and subsequently escape the study region. The northern route is taken by 14.3% (25.4%) of the EUC floats. The southern route is followed by fewer floats, 3.6% (4.9%). The latter floats emerge in the northern part of the Peruvian coastal region, in the intense upwelling plume known as the Paita upwelling region (∼5°S) [Maeda and Kishimoto, 1970] . Figure 7 illustrates the results obtained with our criterion and shows all the possible pathways and contributions for both, ROccam and RSoda, solutions.
[30] ROccam and RSoda pathways for the EUC water are very similar and their respective percentages of occurrence are not inconsistent. Therefore, the differences between the two Eulerian solutions do not lead to qualitatively different Lagrangian results, which is an important sign of robustness. In particular, both solutions suggest that most part of the EUC water contributes to the SEC or deeper flows below it, and only a little continues flowing southward along the Peruvian coast.
Feeding Sources of the PCUC
[31] In order to determine the origin of the PCUC water, we released numerical floats between 30 and 400 m depth on a cross-shore section encompassing the PCUC at 12°S (+/−0.5°) (Figure 2 ). The floats were tracked backward in time for 3 climatological years and, as in the previous section, we applied selection tests to identify only the floats truly flowing in the PCUC (hereafter referred to PCUC floats). First, we selected all the floats being still within the PCUC north of the 12°S cross-section one month after being released and traced backward. Out of the 3809 floats released in each of the two simulations, 3321 (2369) floats remained below 30 m depth, in backward mode, within the PCUC. A further selection consisted in only keeping the floats whose trajectory crossed the 88°W section with no requirement on the travel duration (other than the 3 year time period over which the backward experiment is carried out). We partitioned the 88°W longitude into different subsets according to the latitudinal distribution of floats crossing this section. Three of the four subsets match the latitudinal ranges of the EUC (1.5°N-1.5°S), the pSSCC (2°S-4.7°S), and the sSSCC (5.8°S-8.2°S). The fourth subset (south of 8.5°S) corresponds to floats from western non-equatorial origin. Floats which did not reach 88°W during the three years duration of the backward experiment are discussed below.
[32] Backward results highlighting the distinct sources of the PCUC obtained using 3-day average velocity fields from ROccam and RSoda are summarized in Table 2 . Out of the floats released at the 12°S offshore cross-section and which qualified to be PCUC floats according to their residence time in the current, 2.3% (1.1%) originated in the EUC, 9.4% (11.1%) in the pSSCC and 13.8% (20.8%) in the sSSCC. All these floats crossed the western section from west to east 1-3 years before reaching the 12°S offshore crosssection, and were located at depths between 40-300 m (Figure 8) , i.e., well within the vertical extent of the equatorial undercurrents, without applying any prior restriction. The percentage of PCUC-floats not stemming from equatorial western sources but crossing the 88°W longitude south of 8.5°S were 39.5% (31.7%). Their trajectories revealed the presence of a weak eastward flow occurring at more than 100 m depth in the southern part of the domain.
[33] The number of floats which did not cross the western section within 3 years accounted for 35% (35.3%). Their pathways depicted an alongshore recirculation associated with flow below the PCUC (Figure 8 ). These PCUC floats indicate the existence of water injection into the PCUC from below. A northward flow, with alongshore velocity of around 2 cm s −1
, could be identified in the model Eulerian fields just underneath the PCUC extending down to 1500 m which feeds this injection. As revealed from the float trajectories, water slowly upwells from abyssal depths into the PCUC while it is been carried equatorward by this flow as far north as 3°S (once the floats are inside the PCUC they start flowing poleward). This recirculation was so far not considered in the general scheme of the contributions for the PCUC [e.g., Strub et al., 1998 ].
[34] Density and longitude at 12°S (i.e., position in the PCUC relative to the coast) associated with each of the five water sources of the PCUC are represented in Figure 8 (inlay). EUC and SSCCs water characteristics mostly overlap and this is consistent with the fact that mixing between these equatorial currents should be vigorous (e.g., see Jochum and Malanotte-Rizzoli [2004] for the Atlantic Ocean). The other two sources can be better identified. The heaviest (1025.84 kg m −3 ) water stems from the southern domain and flows along the western flank of the current. The second heaviest (1025.68 kg m −3 ) water corresponds to the upwelling from below the PCUC and is mainly present on its eastern flank. The core of the current is made up of equatorial sources out of which EUC water is the lightest (1025.44 kg m −3 ), closely followed by pSSCC (1025.46 kg m −3 ), and then sSSCC water (1025.65 kg m
−3
).
[35] It is sometimes convenient to consider the volume transport contribution associated with various feeding sources of a current [Goodman et al., 2005] . By assigning each float an area according to the distribution of floats within the release region (see Figure 3) and multiplying it by the particle's velocity, we were able to compute such volume transports for each of the PCUC water sources (see Table 2 ). Results are quite similar for ROccam and RSoda. The upwelling from below (alongshore recirculation) accounted for about 1 Sv, 1.5 Sv stemmed from the southern domain, 1.5 Sv came from the SSCCs, and the EUC contributed less than 0.1 Sv (note that the PCUC transports are respectively 3.9 Sv and 4.9 Sv in the ROccam and RSoda solution which is in the order of observational data, e.g., 4 Sv [Wyrtki, 1963] ). a The 3-day average of ROccam and RSoda are used here. Shown are the percentage of floats and a quasi volume transport, in Sv and its percentage contribution to the PCUC, associated with each source for both solutions.
[36] The backward experiment applied to both solutions, ROccam and RSoda, shows that the main source to the PCUC, between three subsurface equatorial currents, is the sSSCC followed by the pSSCC and then the EUC, the latter being less important; this is in agreement with the forward experiment results. Most remarkable, this experiment suggests that there are two other non-equatorial sources to the PCUC: one associated with flows below the PCUC (called here alongshore recirculation) and another associated with flows occurring in the southern part of the domain (south of 8.5°S).
Role of the Eddies
[37] In order to understand a possible effect of the mesoscale variability on the different pathways previously described, we repeated the Lagrangian forward experiment (section 3.2.1) using seasonal averaged (over 5 years) instead of 3-day averaged ROccam velocity fields. Results are presented in Table 1 , only for the SSCCs since there is almost no difference between the two experiments for the EUC (e.g., only 0.7% difference for the EUC/PCUC connection). The most important change concerns the sSSCC/westward connection when going from seasonal to 3-day averages. The mesoscale variability strongly reinforces the sSSCC contribution to the westward flows to the detriment of its southwestward contribution. It also alters its connection with the PCUC (from 63.9% to 55.1%). The pSSCC case is different: its contribution to the PCUC is clearly enhanced in the 3-day average experiment.
[38] To further illustrate the role of the eddies, and the difference between the seasonal and the 3-day average (EUC, pSSCC, sSSCC) and by the alongshore recirculation. A diagram presenting density distribution along the PCUC section of the backward experiment, 11.5°S-12.5°S (+/−0.5°), identifying the contribution of each source water, is inserted in the lower-left corner. Each source water is assigned a different color (see legend). Mean density (sigma-t) and mean longitude together with standard deviations are plotted by vertical and horizontal bars where the center of the cross presents the mean and the bars two standard deviations. experiments, we estimated an eddy-induced velocity (EIV) with the ROccam outputs. The eddy-induced velocity [McWilliams and Danabasoglu, 2002] , u*, is defined as
where u is the horizontal velocity, and h is the density layer thickness.
[39] The EIV has been computed for the density layer [25.2; 25.8] . This layer has been chosen after examining (not shown) the density range for the particles flowing with the equatorial currents into the PCUC. This layer does not outcrop at any time. The particle densities stay within this range all along their pathways to the east, except once in the nearshore region where they can be subject to diabatic processes associated with the upwelling.
[40] The EIV has been computed using 4 years of 3-day outputs and is presented in Figure 9 . Coherent patterns emerge on this map, especially an eastward advection along the pSSCC path, with values around 1 cm s −1 or less (which is of the order of one tenth of the mean velocity). Southwestward advection (∼0.5 cm s −1 ) is also noticeable in the vicinity of the sSSCC path.
[41] These two features are not inconsistent with the most significant changes resulting from the presence of eddies (Table 1) , i.e., the increase (reduction) of the pSSCC (sSSCC) water that feeds the PCUC could be related to the favorable (unfavorable) eddy advection. Most importantly, EIV velocities in the vicinity of the sSSCC tend to advect water away from the Peruvian upwelling. Large nearshore EIV values oriented to some extent cross-shore could also lead to subtle modifications in the final connecting stage between the PCUC and SSCCs.
[42] Overall, these results indicate that the mesoscale exerts a significant modulation role on the pathways and the connections between the PCUC and its equatorial sources. Eddy advection which we studied in detail is responsible for part of that modulation but eddy mixing (in particular isopycnal mixing) could also well be important when trying to understand the eddy role.
Conclusions
[43] In this study, we used 3-day averaged velocity fields from eddy-resolving regional solutions (ROMS), with two different boundary conditions in order to understand the transport relationship between the Equatorial Current System and the Peru Current System. By means of Lagrangian tracking, we released a large number of particles in each equatorial subsurface current (EUC, pSSCC and sSSCC) to study and describe their fate in the Eastern Tropical Pacific and their contribution to the Peru-Chile Undercurrent.
[44] Although a detailed study about the sensitivity of regional simulations to their boundary conditions is beyond the scope of this paper, we analyzed annual mean velocity fields for two simulations. Both resembled well the known regional dynamics but they differed slightly in the currents' vertical structure. Nevertheless, the Lagrangian diagnostics revealed that both simulations presented similar pathways, similar connections and very small differences in their respective contribution percentages. This gives us confidence in the robustness of our results vis-à-vis the biases and uncertainty present in our model circulations.
[45] Regardless of the solution, the EUC contributions to coastal upwelling of northern Peru and feeding the PCUC are small. This remains true even when the fraction of the water which upwells in the Equatorial upwelling is not counted, a viewpoint adopted from Cravatte et al. [2007] (9.1% -ROccam, 7.6% -RSoda). Instead most of that water (about 70%) recirculates within westward flows, i.e., the SEC and deeper flows below it, while another significant fraction (approximately 24%) continues to flow eastward till the coast from where it turns northward along the coast or contributes to the North Equatorial Current.
[46] Lagrangian tracking applied to the pSSCC (sSSCC) showed that ∼25% (∼50%) of the water carried by this current reached the coast and fed the PCUC. The SSCCs/PCUC connections were affected by mesoscale activity along their paths, especially in the case of the sSSCC.
[47] The PCUC, which owes its existence to alongshore winds favorable to upwelling [McCreary, 1981] , is fed directly to about 30% by the three subsurface equatorial sources (EUC, pSSCC, sSSCC). The remaining stems from upwelling from below the PCUC (and an associated alongshore equatorward circulation -35%) and weak diffuse currents present in the southern part of the domain (south of ∼9°S -35%).
[48] An important and striking result is that among the different PCUC equatorial sources, the EUC is by far the weakest. Different previous studies, based on hydrographic data [e.g., Wyrtki, 1967; Lukas, 1986] or coarse resolution model [e.g., Cravatte et al., 2007] , have hypothesized or reported a strong connection between the EUC and the PCUC, describing the PCUC as largely fed by the EUC. The EUC and the SSCCs carry water masses (present in the PCUC) with similar T/S characteristics (this is also the case in our solutions -not shown). Analysis mainly based on hydrography, with a somewhat limited amount of data, can lead to that conclusion, while omitting the role played by the SSCCs. Other studies have more recently described a very possible connection between the SSCCs and the PCUC [e.g., Johnson and Moore, 1997; Donohue et al., 2002] , but to our knowledge our study is the first one using a regional eddyresolving model to quantify these connections and clearly shows that the main PCUC equatorial sources are the SSCCs and not the EUC.
[49] All these results show a clear connection between the PCUC and large-scale equatorial currents. Hence variations of the latter on any time scale (e.g., interannual related to ENSO) need to be investigated, since they presumably affect the PCUC variability and in turn the coastal upwelling that uplifts PCUC water. Studying the way the connections are disrupted or strengthened on interannual time scales (mostly in relation with the large-scale variability of the Equatorial system) is of primary importance. On time scales perhaps a bit longer the Peruvian system may also influence, through upwelling, the Equatorial current system and in particular the structure of the SSCCs. This type of feedback has been established in idealized models [e.g., McCreary et al., 2002] but its relevance to the real ocean is still debated. By definition the offline nesting strategy employed to obtain the ROccam and RSoda does not allow us to consider this subtle retroaction, because large scale equatorial currents -coming from the SODA or OCCAM models -cannot feel the effects resulting from better reproduced upwelling in the PCS in eddy-resolving regional models . Conversely, it is plausible that the regional solutions we analyze by Lagrangian means have a Peruvian system that is not exactly in equilibrium with their (externally prescribed) Equatorial system. Again, the robustness of our results vis-à-vis changes of the lateral boundary conditions suggests that this issue does not invalidate our study: moderate changes in the equatorial current system do not dramatically affect the fate and origin of the water carried by the major Eastern Tropical Pacific currents we have considered. However, we believe it provides an additional motivation for studying Equatorial/Peru systems connections in a basinscale configuration that would adequately resolve mesoscale activity whose role is important as we demonstrated.
Appendix A: Model Validation Summary
[50] The numerical quasi-equilibrium solutions we analyzed were obtained with Regional Ocean Model Systems (ROMS) using the model configuration developed by Penven et al. [2003 Penven et al. [ , 2005 (for details see section 2), here referred to as ROccam. The sensitivity to these boundary conditions is assessed by performing an additional simulation based on the V. Echevin et al. (personal commumiction, 2009 ) configuration, here called RSoda, that is identical to ROccam in every aspect but the open boundary conditions, derived from a climatology of the SODA global ocean reanalysis at 1/2°r esolution [Carton and Giese, 2008] (for details see section 2). The ROccam and RSoda solutions were validated by Penven et al. [2005] and V. Echevin et al. (personal commumiction, 2009 ), respectively. Here we briefly summarize some of their validation results and present additionally an annual mean SST, and an annual mean vertical temperature/salinity section model versus observations comparison, as well.
[51] The evaluation of the ROccam and RSoda model skills was done by a general comparison of the model averaged circulation, the seasonal cycle, and the mean baroclinic structure with annual or seasonal climatologies and with what has been published in the literature.
[52] The major known currents in the Peru Current system were rendered quite accurately. The models reproduced the coastal dynamics of the Peru Coastal Current which flows equatorward in a band of 100 km from the shore, the location and vertical extension, with current speeds in the range of observations, of the Peru Chile Under Current which follows the shelf break toward the pole, and the Peru Chile Counter Current which runs toward the south.
[53] Mean eddy kinetic energy (EKE) was computed using the geostrophy from sea surface height for both the model simulations and satellite-borne altimeter observations (AVISO). Model and altimeter EKE followed the same pattern with high values in the upwelling front and close to the Equator, and lower values offshore. For the central Peru Current system, ROccam EKE was 10-30% lower than in observations, but significantly lower near the Equator and in the southern part of the domain. Similar results were obtained for the RSoda simulation. Even if the levels of EKE in both simulations were too low, we are confident, at least qualitatively, that the model's output is suitable to study the mesoscale dynamics in the Peru current system with a relatively realistic level of energy.
[54] In general, ROccam's SST underestimates Pathfinder surface temperatures (mean 1985-1997 satellite sea surface temperature) by 0.5°C. When comparing the model SSTs with Reynolds surface temperatures (a climatology derived from monthly Optimum Interpolation SST analyses with an adjusted base period of 1971-2000) the difference increased to an underestimation of 0.7°C for ROccam and 0.8°C for RSoda. Nevertheless, the main oceanographic features of the region, the equatorial temperature front, coastal upwelling along the Peruvian coast, and the intrusion of colder waters from the south by means of the Humboldt Current, are realistically reproduced in both simulations ( Figure A1 ) despite minor systematic differences in SST. This gives us confidence that both solutions are able to reproduce surface oceanic patterns with certain realism.
[55] As for the mean vertical baroclinic structure, the most striking feature is the very sharp thermocline and to a lesser extent the halocline ( Figure A2 ). Mean temperature (salinity) in the section shown in Figure A2 was 1.5°C (0.08 PSU) and 1.2°C (0.04 PSU) warmer (saltier) than in WOA05 in ROccam and RSoda, respectively. Significant differences (2-3°C), however, between WOA05 and ROccam arose in the thermocline ( Figure A3 ).
[56] In summary, we conclude that the model simulations reproduce well the known average circulation, the seasonal cycle, and the mean baroclinic structure in the Eastern Tropical Pacific and hence the quasi-equilibrium climatological solutions are apt to unravel regional aspects of the ocean dynamics.
